Introduction
Although the coordination chemistry of Group 5 metal pentahalides [ 1 ] with oxygen donor ligands has been scarcely developed, the reactivity of NbCl 5 and TaCl 5 with acetic acid was first described eight decades ago. [ 2 ] Afterwards, adducts of formula MCl 4 (OOCR) (M = Nb, Ta, R = CH 3 , CF 3 , CCl 3 , CH 2 Br, CHBr 2 , CBr 3 ), [ 3 ] beside a variety of oxo-chloride species of general formula MOCl(OOCR) 2 ,[3a,b,c] MOCl 2 (OOCR), [3a] MO 2 (OOCR), [3c] resulted from the reactions of MCl 5 with RCOOH or (RCO) 2 O. However no unambiguous characterization was presented.
The chemistry of MCl 5 with aryl carboxylic acids has been better defined, and the dinuclear, carboxylato-bridged species [MCl 4 (OOCAr)] 2 (M = Nb, Ta, Ar = aryl) have been reported. [4] Interestingly, the dinuclear Nb 2 Cl 6 (µ-O)(µ-OOCAr) 2 [5] and the tetranuclear Ta 4 Cl 8 (µ-O) 4 ( µ-OOCC 6 H 4 Me-p) 4 [ 6 ] µ-oxo species were isolated upon reacting MCl 5 with ArCOOH at high temperatures. These µ-oxo species were believed to be the result of O-abstraction by the metal from the carboxylate unit, activated at high temperature. Recently, we have been involved in studying the chemistry of the coordination of O-donors to Group 5 metal pentahalides MX 5 , 1, (M = Nb, Ta, X = F, Cl, Br, I According to these studies, the nature of the products depends basically on three factors: i) the O-donor reactant; ii) the metal/reactant ratio employed; iii) the halide. The influence of the halide on the outcome of the reactions of 1 with O-donors has been correlated to the metal-halide bond energy; markedly different chemical behaviours have been observed for X = Cl, Br, I and X = F. By contrast, the identity of the metal (Nb or Ta) has shown not to play a determinant role. [7] In consideration of the fact that the chemistry of MX 5 with carboxylate acids has been limited to the chlorides, and in order to put some more light into this topic, we decided to investigate the reactivity of 1 with haloacetic acids, and to extend the study to haloacetic anhydrides. The results of these studies will be presented and discussed herein.
Results and Discussion The products, 2a-c, have been purified by crystallization, and have been fully characterized by means of IR and NMR spectroscopies, and elemental analysis. Moreover, the molecular structure of 2b has been ascertained by X ray diffraction ( Figure 1 and Table 1 ).
The molecular structure of 2b resembles the ones previously reported for the carboxylate bridged [TaCl 4 (µ-OOCPh)] 2 and [NbCl 4 (µ-OOCC 6 (8) 
119.4(4) Symmetry transformations used to generate equivalent atoms: #1 -x,-y+1,-z+1.
The spectroscopic data collected for 2a-c are coherent with the X ray features of 2b. . Since the chemistry of 1 with carboxylic anhydrides has been explored in less detail than that with the corresponding acids, we decided to study the reactions of MX 5 with the stoichiometric amount of acetic anhydride. Particular care was taken in order to have an anhydrous reaction system, so to eliminate the presence of adventitious water and/or of acetic acid. The complete absence of acetic acid was verified before each reaction by 1 H NMR spectroscopy.
Thus, the reactions of 1 (M = Nb, X = Cl, M = Ta, X = Cl, Br) with a slight excess of (MeCO) 2 H resonance for the methyl group is seen at 2.81 ppm in 3a, whereas it falls at 2.66 ppm in the case of uncoordinated MeC(O)Cl. [10] At variance to what observed in the reactions of 1 with other C=O containing species [7a] , the addition of a five-fold excess of acetyl chloride to NbCl 5 did not result in the formation of byproducts. This evidence strongly suggests that only compounds 3 can result from combination of MCl 5 with in situ generated MC(O)Cl, in the reaction of MCl 5 with (MeCO) 2 O.
On the basis of these results, it has to be concluded that the reactivity of MX 5 with acetic anhydride depends on the nature of X, and it can be summarized as in Scheme 1. The formation of 3a was almost suppressed by using a (MeCO) 2 O /NbCl 5 molar ratio of 5. These evidences point out that acetyl chloride, formed as result of the anhydride fragmentation, competes with the uncoordinated anhydride to attack the unreacted inorganic substrate to give 3a, causing a decreasing of the yield with which 2a is obtained. The usage of an excess of anhydride limits the formation of 3a. Under these conditions, we did not collect any evidence for the occurrence of O-abstraction reactions which appear instead to be the main process when the system is heated. [3a] Considerations similar to what reported above are valid for the reaction of TaCl The results presented in the previous section have pointed out that complexes 1 (M = Nb, Ta, X = Cl, Br) exhibit analogous reactivity towards acetic acid or acetic anhydride. Nevertheless, the dinuclear acetato-complexes are obtained in high yields by using acetic acid as reactant, the use of the anhydride leading to lower yields.
In order to see if this chemistry could be extended to other acids/anhydrides, we studied the reactions of MCl 5 Compounds 4 have been characterized by IR and NMR spectroscopies, and elemental analyses. Moreover, the X ray molecular structure of 4e has been determined ( Figure 2 and Table  2 ).
The molecular structure of 4e is closely related to the one of 2b, being the replacement of Ta(V) with Nb(V) and -CH 3 withCCl 3 the major differences. Also in this case, each metal centre is coordinated to four chloride ligands and two bridging carboxylates with a relative cis geometry of the ligands and a distorted octahedral coordination. Despite the fact that the two halves of 4e are crystallographically independent, their bonding parameters are almost identical (see Table 2 ) and perfectly comparable to the ones reported for the analogous Nb(V) dimer [NbCl 4 (µ-OOCC 6 F 5 ] 2 . [4] . Finally, it is noteworthy that the dimeric nature of both 2b and 4e originates an octa-membered ring, which is puckered in 2b [mean deviation from the Ta(1)O(2)C(1)#1O (1) 
117.96 (19) The IR spectra display the bands attributed to the symmetric and asymmetric vibrations of the [COO] group. These are found in the ranges 1386÷1515 cm −1 and 1522÷1635 cm
, respectively. In particular, the values available for 4g are coherent with those reported for bridging trifluoroacetato complexes. [ 12 ] F NMR spectroscopies, and elemental analyses. The 1 H NMR spectra exhibit the resonance accounting for the R unit and a downfield resonance (11.61 ppm for 5c) accounting for one oxygenbound proton deshielded with respect to the uncoordinated acid. [10] In the 13 C NMR spectra, the carboxylic carbon is observed in the range 176.1(5d)-183.9(5a) ppm. [ 
The chemistry of MF 5 with anhydrides deserves some further comments, because a C-O bond activation and a protonation of an oxygen atom should occur in order to obtain the products of reaction (5) . Three hypothesis may be formulated regarding the origin of the proton: it could descend i) from the anhydride itself, ii) from the solvent (CH 2 Cl 2 ), or iii) from adventitious water.
In order to investigate the point, and paying particular attention to maintain strictly anhydrous conditions with anhydrides free from acid residues, we checked the reactions of NbF 5 with (RCO) 2 O (R = CH 3 , CH 2 Cl, one equivalent), in CD 2 Cl 2 , by NMR spectroscopy (see Experimental). The 1 H NMR spectra, taken 30 minutes after the mixing of the reactants, indicated clearly the formation of compounds 5a,c. More specifically, the spectra exhibited the resonance of the O-H proton, which integrated for the correct ratio with respect to the resonance of the protons on the α-carbon atom, suggesting that the anhydride itself is the source of the proton.
The reaction of NbF 5 with (CH 2 ClCO) 2 O, being well slower than that with acetic anhydride, allowed an intermediate product to be detected and characterized. As a matter of fact, five minutes after the mixing of the reactants, the 1 H NMR spectrum indicated the complete disappearance of the free anhydride, and displayed only one resonance at 4.54 ppm. A quick 13 C NMR acquisition allowed to identify two peaks, at δ 167. 4 
Scheme 3. Mechanism proposed for the reactions of MF5 with carboxylic anhydrides.
In view of the fact that the reaction of MF 5 with carboxylic acid anhydrides without hydrogen atoms on the α-carbon atom may potentially lead to the isolation of the intermediate represented in scheme 3, NbF 5 was treated with anhydrous (CF 3 CO) 2 O. Unfortunately, the reaction gave a mixture of inseparable and unidentifiable products. Notwithstanding, when the reaction was performed in a NMR tube (see Experimental), the 19 F NMR spectrum of the solution exhibited a peak awarded to the [NbF 6 ] − anion. Moreover, the 1 H NMR spectrum did not show any resonance, especially in the O-H region. Even though insufficient to establish the nature of the product, these observations are coherent with the structure placed into square brackets reported in scheme 3.
Conclusions
In this paper, we have presented the results concerning our research on the chemistry of niobium(V) and tantalum(V) pentahalides, MX 5 , with haloacetic acids and haloacetic anhydrides.
According to our previous findings, the outcomes of the reactions do not generally depend on the metal but are strongly influenced by the nature of the halide: MCl 5 and MBr 5 show a similar behaviour in the reactions with acetic acids or anhydrides, whereas MF 5 show a fully different reactivity. To complete the picture, TaI 5 is inert towards both CH 3 COOH and (CH 3 CO) 2 O.
The high stability of the [MF 6 ] − anion may be considered as the driving force of the reactions involving MF 5 . As a consequence of such stability, HF is not released in the course of the reactions with acids, by contrast with what has been observed in the reactions of MX 5 (X = Cl, Br) with RCOOH. More in detail, the reactions of MX 5 (X = Cl, Br) with haloacetic acids, which resemble those reported previously regarding the reactivity of NbCl 5 with aryl-carboxylic acids, proceed with releasing of HX and afford neutral dimeric complexes containing bridging coordinated acetates. On the other hand, MF 5 react with haloacetic acids with coordination of two intact acid molecules to the metal centre and contextual fluoride migration to give the [MF 6 ] − anion.
The reactions of MX 5 with anhydrides result in anhydride fragmentation and afford the same inorganic products obtained by the reactions with the corresponding acids, although in minor yields. With MX 5 (X = Cl, Br), anhydride C-O bond activation occurs, and the reactions proceed with releasing of acetyl halides, being the Lewis acid-base adducts of these latter with MX 5 the prevalent by-products. Beside, when MF 5 are involved, activation of both C-O and C-H bonds takes place within the anhydride, and proton migration afford final stable ionic species. These latter reactions can be accompanied by formation of complicated mixtures of minor products, which have not been identified.
All these investigations were conducted at room temperature, at which no evidences for the formation of O-abstraction products were found.
Experimental Section
All manipulations of air and/or moisture sensitive compounds were performed under an atmosphere of pre-purified argon using standard Schlenk techniques. The reaction vessels were oven dried at 150 °C prior to use, evacuated (10 −2 mmHg) and then filled with argon. All the reagents, including MX 5 (M = Nb, Ta, X = Cl; M = Nb, Ta, X = F), were commercial products (Aldrich) of the highest purity available. F NMR spectra were referenced to TMS and to CFCl 3 , respectively.
Carbon and hydrogen analyses were performed at the Dipartimento di Chimica Farmaceutica of the University of Pisa on a Carlo Erba mod. 1106 instrument, paying particular attention to the more sensitive compounds which were weighed and directly introduced into the analyzer. The halide content was determined by the Volhardt method [19] after exhaustive hydrolysis of the sample. The chlorocarboxylic acids did not give a precipitate of AgCl upon treatment with AgNO 3 under the conditions used for the hydrolysis of the sample. Metals were analyzed as M 2 O 5 obtained by hydrolysis of the sample followed by calcination in a platinum crucible. The halide and the metal analyses were repeated twice in order to get reproducible results. -H), 2944m, 2795m, 2519w-m, 1616vs (C=O), 1555vs, 1407w 2 O were introduced into a NMR tube in the order given, and the mixture was stirred manually for ca. one minute. Reaction of NbF 5 with (CF 3 CO) 2 O. Complex NbF 5 (180 mg, 0.958 mmol), in suspension of CH 2 Cl 2 (15 mL), was treated with (CF 3 CO) 2 (0.12 mL, 0.90 mmol). The mixture was stirred for 2 hours, then the solvent was removed in vacuo. The resulting residue was washed with pentane (15 mL), thus a pale yellow solid was obtained. Table 3 . The diffraction experiments were carried out on a Bruker APEX II diffractometer equipped with a CCD detector using Mo-Kα radiation. Data were corrected for Lorentz polarization and absorption effects (empirical absorption correction SADABS). [20] Structures were solved by direct methods and refined by full-matrix least-squares based on all data using F 2 . [21] Hydrogen atoms bonded to C-atoms were fixed at calculated positions and refined by a riding model. All non-hydrogen atoms were refined with anisotropic displacement parameters. In the crystal structure of 2b, the asymmetric unit contains only half of the molecule. The crystal of 4e is racemically twinned with a refined Flack parameter of 0.23(3) [22] , and it was, therefore, refined using the TWIN refinement routine of SHELXTL. 
